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n ecology, disturbances-fires, storms, and floods, for example-are relatively discrete events that remove organisms and create conditions for recolonization (Sousa 1984) . By definition, the local and immediate consequences of disturbance for the biological assemblages affected are necessarily negative. The wider consequences for species diversity and abundance, however, are uncertain. Several ecologists have emphasized that natural disturbances are important features of ecosystems rich in species (relative to the regional pool), promoting biodiversity by maintaining habitat heterogeneity and preventing the exclusion of species that would be outcompeted in stable environments (Connell 1978) . In earlier work, however, other ecologists had expressed the opposite opinion, that species diversity tends to increase as environmental conditions become more stable (e.g., Thienemann 1954) . More recent theoretical models of community structure highlight the importance of the physical habitat and conceptualize disturbance as a filter that excludes species with unsuitable traits, not as a mechanism that prevents the exclusion of poor competitors (Townsend and Hildrew 1994, Poff 1997) . The theoretical discussion about the effects of disturbance on biodiversity continues to this day (Mackey and Currie 2001) , partly because the development of new hypotheses has often outpaced the validation and synthesis of the existing evidence.
Streams provide an especially suitable system for the review and assessment of the relationship between disturbance and biodiversity. Stream-living organisms are subjected to natural and anthropogenic stressors including droughts, acid pulses, freezing, debris torrents, and pollution incidents, but floodsthe sudden rises in discharge that are severe enough to cause significant geomorphic work (Leopold et al. 1964) -are the dominant cause of disturbance. Empirical knowledge of the effects of floods on stream-living organisms, which has expanded considerably in recent years, provides substantial material for the evaluation of theoretical predictions. Given that impacts such as urbanization, flow regulation, and human-induced climatic changes will continue to alter flood regimes worldwide, a thorough examination of the effects of floods on biodiversity is urgent not only for its theoretical interest but also for practical management concerns.
This article assesses, and where possible reconciles, contrasting views on the effects of disturbance on biodiversity in streams. We chose floods as the model disturbance and benthic invertebrates as the model biological assemblage because research into the response of invertebrates to floods is well developed. In this article we first outline how floods affect the physical habitat of streams and emphasize how these effects vary, depending on the environmental context and the spatiotemporal scales at which they are considered. We then review theory on the effects of disturbance on the diversity of invertebrate assemblages and assess how well different ideas match empirical descriptions of the effects of floods in streams. Finally, we propose a framework that explicitly considers the scale of observation and the context of the disturbance to help predict the ecological effects.
Quantification of flood disturbance
Like other disturbances, floods have temporal patterns (regimes) that are described by dimensions including magnitude, frequency, duration, predictability, and rate of change ). More than other disturbances, they present a multiplicity of physical stressors. The most obvious expression of a flood is a pulse in discharge, but accompanying changes in water level, current velocity, and shear stress may be at least as important to the stream biota, as such changes typically result in the mobilization of the streambed (scour), the abrasion of substratum surfaces and attached biota, and the redeposition of sediments (fill). The change in discharge constitutes the hydrologic component of floods; the changes in water level, current velocity, and shear stress are the hydraulic components; and scour, abrasion, and fill are the geomorphic components. These universal components are accompanied by more idiosyncratic ones during atypical floods (for example, the cooling and deoxygenation that follow sudden releases of water from the hypolimnion of large reservoirs).
Temporal dynamics complicate the attempt to describe a disturbance quantitatively. At least two problems arise: First, the specific components and descriptors of the temporal dynamics that are biologically important-the agents of disturbance-must be identified. Second, the features selected must be quantified accurately and efficiently. We discuss these two problems in turn.
Although there is no consensus on which components are the most important agents of flood disturbance, there is perhaps a recognition that such agents must be taxon specific. For instance, invertebrates constantly exposed to flow, such as filter feeders, are probably sensitive to shear stress and transport of sediments that cause abrasion, whereas taxa that live in the interstices within the substratum might be more sensitive to scour and fill (Townsend et al. 1997a ). Accounting for the multidimensionality of floods is difficult, but pragmatic solutions include either dealing with one or a few similar taxa at a time or using multivariate descriptions that combine information on both bed movement and flow conditions (Death and Winterbourn 1994) .
The quantification of the hydrologic and hydraulic components of floods is relatively straightforward (e.g., Gordon et al. 1992) . In contrast, the quantification of the geomorphic components is not. Practical difficulties are apparent in the empirical methods that exist to appraise scour, which are based on tracking the dislodgement of marked streambed particles (e.g., Townsend et al. 1997a) or the collapse of scour chains (e.g., Effenberger et al. 2006) . Marked particles are usually positioned on top of the streambed for practical reasons, and their imbrication, position, packing, and susceptibility to entrainment might not represent that of in situ particles (Downes et al. 1998) . Alternative methods to estimate scour include experience-based diagnoses (Pfankuch 1978) , which are subjective, or theory-based models such as critical shear stress equations (Shields 1936) , which rely on assumptions that are rarely satisfied. Critical shear stress models assume that the shear stress at which substratum particles become entrained depends on particle size, with larger particles mobilized at higher shear stress in comparison with smaller ones. However, in heterogeneous streambeds, larger particles often protrude into the water column, whereas smaller particles are shielded within interstices. Under these circumstances, differences in particle size are offset by differences in exposure to flow, and all particles might in fact be mobilized at similar levels of shear stress regardless of size, resulting in abrupt mobilizations of whole streambeds (the equal mobility hypothesis; Parker et al. 1982, Marion and Weirich 2003) . Even though revised editions of the shear stress equation have tried to account for heterogeneity in particle size (Duncan et al. 1999) , the mobilization of particles depends on so many different factors-among them turbulence, spatiotemporal variability in current velocity above the bed, embeddedness, degree of packing, pivoting angles, and grain shape-that it probably eludes straightforward modeling. In any case, the identification and assessment of the agents of disturbance and their temporal dynamics is only the first step in the characterization of any type of disturbance. The next step is to define the scale and context of the disturbance.
Flood disturbance, scale, and context
The nature of floods varies depending on scale and context. Scale, in this article, refers to the spatial or temporal unit of observation. For instance, spatial scales include patches, which are typically 0.01 to 10 square meters (m 2 ); reaches, which are 10 to 1000 m 2 ; and whole watersheds, which are greater than 1000 m 2 . Temporal scales are measured in hours, weeks, years, and decades. Within a given patch, one flood event might cause scour, whereas either aggrading or equilibrium conditions might prevail over a larger scale or over a longer temporal scale (years or more; see Effenberger et al. 2006) .
Context refers to the physical setting of a stream location, including the characteristics of the substratum, the position within the watershed, and the flow regime. For instance, a sandy desert river provides a very different context for floods than a boulder-laden mountain stream. The relation between flood disturbance and context is difficult to illustrate because the context that affects the characteristics of floods is, in part, scale dependent. At the watershed scale, important elements of the context include drainage area, climate, geol-ogy, vegetation, and topography. For example, climate determines the total amount of precipitation, the proportion of precipitation that occurs as snow rather than rain, and the predictability of storms and snowmelt; climate therefore directly affects the magnitude, frequency, duration, and predictability of floods. By contrast, geology, vegetation, and topography determine the storage capacity of a watershed and how quickly water is delivered to the point of interest; these factors primarily influence the rate of change (flashiness) of the flood regime. For example, in watersheds underlaid by soluble rocks (karst), surface runoff from rain or snowmelt is rapidly drained into extensive underground networks, and watercourses have more stable discharge than in landscapes underlain by weathering-resistant (e.g., crystalline) rocks. Similarly, watersheds with extensive wetland systems can better attenuate flood waves and modulate flow variability than watersheds with sparse vegetation, thin soils, or extensive impervious surfaces. Thus, streams draining naturally arid, deforested, or heavily urbanized areas are well known for the flashiness of their hydrographs.
Within watersheds (or between reaches), variation in the effects of floods arises not only because of local differences in geology, vegetation, and topography, but also because of cumulative effects created by the hierarchical structure of watersheds. As a result, patterns of flood disturbance vary mainly according to the distance from the headwaters. The longitudinal pattern relative to headwaters is especially apparent in the hydrologic and hydraulic components of floods. The frequency of floods is highest in the upper reaches (drainage areas < 10 square kilometers [km 2 ]), because most climatic events that produce runoff-rainstorms, for example-affect only confined areas of the watershed (Kochel 1988) . However, localized storms tend to be of low intensity and to generate floods of modest duration and magnitude. In the lower reaches, close to the river's mouth (drainage areas > 100 km 2 ), the frequency of floods is lowest because climatic events that can affect entire watersheds, such as frontal weather systems and snowmelt, are infrequent, and asynchronous flooding of tributaries tends to progressively mitigate discharge variation downstream along a river. At the same time, the propagation of the flood waves through the drainage network interacts with temporary storage areas in the channel and floodplain to buffer the flashiness of discharge and cause floods of long duration. Moreover, because of the large drainage area, floods in the lower watershed tend to be of large magnitude. In the mid reaches (drainage areas 10 to 100 km 2 ), the frequency and magnitude of floods are intermediate between those of the upper and the lower reaches but, as discussed below, the geomorphic settings make these reaches particularly sensitive to disturbance by geomorphic flood components.
The geomorphic consequences of floods are determined not only by the magnitude and frequency of floods but also by geomorphic susceptibility, the lack of intrinsic resistance of a channel to physical change (figures 1, 2; Knighton 1998). This susceptibility depends on characteristics at the scale of reaches, including topography, bedform patterns, and substratum, which also vary with discernible longitudinal patterns within watersheds (Montgomery and Buffington 1997) . In the upper watershed, the combination of coarse sediments (bedrock, boulders, and cobbles), steep slopes, and strong topographic confinement results in streambeds that are extremely resistant to scour. Geomorphic susceptibility is much higher in the middle part of the watershed, where beds are composed of noncohesive gravels and cobbles, and still higher in the lower watershed, where sand dominates among bed materials. It follows from the interactive effects of geomorphic susceptibility and hydrologic flood components that, in the upper watershed, only exceptional floods (e.g., those with recurrence intervals of several decades) might generate enough power to mobilize the streambed, and fill is rare because of the scarcity of fine sediments. Here, substantial rearrangements of the substratum are probably more likely to be caused by landslides that fill streams with coarse colluvium, especially in watersheds affected by clear-cutting of forests and road construction (Tang et al. 1997) . Under natural conditions, however, extensive disturbances of the substratum are infrequent in typical headwater streams. In the mid reaches, by contrast, the combination of relatively frequent floods and susceptible beds means that bed-scouring events can be as frequent as monthly (Matthaei et al. 1996) ; in addition, fill by fine sediments might be severe. Finally, in the lower reaches, the fine substratum is redistributed even during normal flow conditions, and the mobilization of the streambed is therefore chronic (Power and Dietrich 2002) . Of course, this generalized longitudinal pattern might show obvious discontinuities and inconsistencies arising from atypical local topography, for example, or confluences with tributaries, where additional loads of water and sediments can create bedforms that are more typical of reaches farther upstream in the watershed (Rice et al. 2001) . Variation in flood disturbance within reaches (or between channel units) is well known and reflects local differences in depth, substratum, and flow characteristics (Hawkins et al. 1993) . For example, riffles are scoured less often than pools during floods because they have coarser substrata (Townsend 1989) ; moreover, backwaters, side channels, and the inundated floodplain are less disturbed relative to the main stem of the river because they are subjected to lower hydraulic stress (Sagar and Glova 1992) . At even smaller scales, woody debris (Palmer et al. 1996) , large rocks (Matthaei et al. 2000) , and dead channel zones (Lancaster and Hildrew 1993a) can locally mitigate scour and shear stress during floods, even though their effectiveness is probably limited to disturbances of modest intensity (Sedell et al. 1990 ). Therefore, flood disturbances affect stream habitats over multiple scales organized hierarchically with clearly discernible trends and patterns. In stream ecology, however, theory and observations on the responses of the fauna have largely ignored the dependency of the disturbance regime on scale and context. Below, we explore whether a general consensus on the biological effects of floods emerges from these studies.
Effects on the diversity of invertebrate assemblages
Theories about the effects of disturbance on biodiversity separate into two contrasting groups, one of hypotheses that emphasize the excluding role of disturbance in preventing colonization by certain species and reducing biodiversity, and the other of hypotheses that emphasize the including role of encouraging colonization and species richness.
The first group has the longest history, which can be traced back at least to Thienemann (1954) , who stated, in one of three principles that summarized his own lifelong limnological studies, that the diversity of aquatic assemblages tends to decrease with decreasing environmental stability. Later, the excluding role of disturbance was formalized in models in which biological assemblages are shaped by physical habitat stressors acting as templates (Townsend and Hildrew 1994) or filters (Poff 1997 ) that prevent colonization by species lacking required biological traits (figure 3). For instance, for assemblages in streams, Poff and Ward (1989) proposed that frequent and unpredictable floods can filter out organisms without accelerated and asynchronous development, organisms lacking mechanisms of behavioral avoidance, or organisms of large size. Similarly, Townsend and Hildrew (1994) adapted the ideas of Southwood (1977) to predict that frequent disturbances (temporal heterogeneity, largely envisaged as hydraulic disturbance) exclude species lacking traits of resistance or resilience, with effects partly mitigated where flow refugia are available (spatial heterogeneity) (figure 3).
The second group of hypotheses, which emphasizes the including effect of disturbance, stems from various frameworks of community structure developed from the 1970s on, with the intermediate disturbance hypothesis (Connell 1978) , the dynamic-equilibrium model (Huston 1979) , and the patch dynamic framework (Pickett and White 1985) among the most seminal. The first two frameworks represent what Allan (1995) considered competition-based models of community structure. In general, these models assume that under stable environmental conditions, strong biotic interactions shape assemblages dominated by a low number of specialized species with good competing ability. Periodic disturbances by physical factors favor richness by restraining the growth of populations of good competitors and allowing other species to coexist. In addition, the intermediate disturbance hypothesis (Connell 1978) assumes that a trade-off exists between a species' ability to colonize new areas and its ability to compete with coexisting species for limited resources; therefore, diversity is expected to be greatest at intermediate levels of disturbance where both good competitors and good colonizers are represented. Patch dynamic frameworks of community structure are based on similar premises, but emphasize the role of disturbance in creating patches open to recolonization, and associated processes that result in faunal differences between patches (Townsend 1989 ). Thanks to the interaction between disturbance and recolonization, more species can coexist at the metapatch scale in patchy rather than in uniform habitats. Recolonization processes that could contribute to diversity include replace-ments of good colonizers by good competitors (dominance control), unpredictable trajectories driven by the identity of the relict community or the first colonizers (relict or founder control), or stochastic recruitment in which the colonizing species are a random subset of the pool of available colonizers (Townsend 1989 , Reice 1994 .
Both competition-based models and patch dynamic frameworks seemed particularly suited to running waters, where disturbance driven by floods is frequent and maintains considerable environmental patchiness, and these models were readily adopted by stream ecologists, either in their original version or as adapted to account for the characteristics of stream biota (Resh et al. 1988 ). To what extent are these hypotheses supported by empirical evidence? In the next section, we address this question by reviewing literature on the effects of floods on stream invertebrate assemblages.
Assessing empirical evidence
Empirical evidence on the effects of flood disturbance on benthic communities includes both experimental and observational work, spatial scales ranging from individual stones to whole reaches, temporal scales ranging from days to years, and-even accounting for a bias toward small, temperate watersheds, which have been the objects of most research in stream ecology so far-a multitude of environmental settings. This is therefore an eclectic body of work. Nevertheless, in this section we pool evidence arising from different approaches and settings to reflect the fact that, so far, theory has apparently had the ambition to be universal-that is, independent of scale and context. We discuss below whether universal theory is appropriate.
Disturbances have two types of effect on biological communities. On one hand, disturbances prompt cycles of removal of individuals and subsequent recolonization within individual locations. On the other hand, variation in disturbance intensity or frequency can cause differences in assemblage structure between locations. We will refer to these as the temporal and spatial effects of disturbance, respectively.
Temporal effects of disturbance. The effects of flood disturbance first acknowledged by stream ecologists and entomologists (e.g., Needham et al. 1935 ) were temporal. The large body of evidence accumulated so far shows that floods cause substantial losses of invertebrate diversity and reductions in density to only 2% to 10% relative to preflood conditions (e.g., Fisher et al. 1982 , Giller et al. 1991 , Cobb et al. 1992 . Recovery by benthic invertebrates, however, is rapid, as preflood conditions are usually reestablished within weeks to months of the flood event (Niemi et al. 1990 , Mackay 1992 . The rapid recovery owes largely to the intrinsic mobility of most invertebrates and the array of potential colonization avenues, among which drift and crawling from neighboring refugia have traditionally been considered important (e.g., Williams and Hynes 1976). More recently, genetic studies on aquatic insects have shed new light on the mechanisms of recolonization. These studies have shown that, in many cases, the aquatic (larval) populations living in separate reaches of the same stream are genetically distinct, suggesting that recruitment at the reach scale depends on the flight and oviposition of only a few females (e.g., Bunn and Hughes 1997) . These patterns are in partial contrast with earlier views on recolonization mechanisms, as they imply that dispersal of individuals through drift and crawling can be effective only within relatively small scales, that is, between patches. In conjunction with previous studies based on other methods (e.g., selective trapping), however, the genetic studies corroborate the existence of alternative mechanisms of invertebrate dispersal-adult flight at long range and drift and crawling at short rangewhich is certainly central to the rapid recovery from disturbances acting across a wide range of spatial scales.
The rate of the invertebrate recovery after floods is determined not only by intrinsic biological characteristics but also by extrinsic factors, including the flood regime and habitat complexity. At least two descriptors of the flood regime, predictability and magnitude, are known to affect invertebrate recovery rates. The slower recoveries that follow unpredictable floods (or floods at the "wrong" time of the year; Giller et al. 1991) suggest that invertebrate populations must have specific adaptations to the flood regime to which they are typically subjected (Resh et al. 1988 ). The slower recovery that follows floods of exceptional magnitude (Scrimgeour et al. 1988) supports the idea that the effectiveness of small-scale flow refugia decreases with increasing flood severity (Sedell et al. 1990) ; as the severity of disturbance increases, the sources of colonizers become farther apart and the recruitment events rarer. Therefore, severe disturbance might have an isolating effect on invertebrate populations comparable to that of habitat fragmentation (Monaghan et al. 2002) ; the consequences of such an isolating effect on genetic variation within and between populations warrant specific studies.
The availability of flow refugia in the channel, the inundated floodplain, or the hyporheos facilitates recovery by supplying colonizers to the denuded channel (Winterbottom et al. 1997) , even though the use of refugia can be taxon and size specific (Lancaster and Hildrew 1993b) . In many instances, denuded channel areas are recolonized by successions of different invertebrate assemblages. First to reappear are blackflies, chironomids, and baetid mayflies, which often reach high densities early in the recolonization (Mackay 1992) . Later, these early colonizers are joined and partially replaced by other species, with the patterns of recolonization seasonally modulated by the composition of the assemblages in the stream (Robinson et al. 1990 ). Most early colonizers share a high propensity to drift and short developmental times (as short as one to three weeks; Mackay 1992), which explains why the same taxa are the first to reappear both in disturbed small patches, where recolonization probably relies on drift, and in disturbed valley sections, where recolonization by adult aerial flight is important. The mechanisms driving the change of the colonizing fauna are poorly known but may include (a) the replacement of good colonizers by good competitors or (b) habitat partitioning, if invertebrate species have specific preferences for patches with a different disturbance history (Hildrew and Giller 1994) . Empirical data are often open to both interpretations. For instance, declines in blackfly larvae after an early peak might reflect either (a) the arrival of superior competitors or key predators, such as net-spinning caddisflies (Hemphill and Cooper 1983) , or (b) algal regrowth, which creates a habitat unfavorable to blackflies by making their attachment difficult (Mackay 1992) . Regardless of the mechanisms involved, the partial turnover of species during the recolonization process suggests that good colonizers may benefit from flood disturbance in streams, if only in the short term.
There is little evidence that the recolonization of denuded channel patches is a stochastic recruitment from the potential colonizing pool present in the stream. Summarizing her review of the patterns and processes of invertebrate colonization in streams, Mackay (1992) noted that while the incidence of disturbance events may indeed be stochastic, the recovery of a disturbed community follows largely predictable patterns.
Spatial effects of disturbance. Both experimental studies (McCabe and Gotelli 2000) and observational studies (McElravy et al. 1989 , Death and Winterbourn 1995 , Townsend et al. 1997b clearly indicate that, within the spatial scales considered, disturbance tends to affect invertebrate richness negatively. Even though this pattern matches predictions of community models that emphasize the excluding effects of disturbance, the underlying mechanisms are only partly consistent with the existing theory. Indeed, supporting the habitat template and similar concepts, floods can reduce richness by filtering out individuals and species of invertebrates lacking traits of resistance and resilience (Townsend et al. 1997a ). However, additional causes of low invertebrate diversity at disturbed locations include concurrent changes in food resources and stochastic processes. During floods, algae and mosses are removed from streams by scour or abrasion (e.g., Death and Winterbourn 1995) , and leaves and other detritus are fragmented and flushed downstream (Lepori et al. 2005) . The removal of these resources may have greater influence than direct physical stress on invertebrate assemblages. In New Zealand, decreasing habitat stability is accompanied by decreasing richness of invertebrates in open-canopy streams where floods cause substantial losses in periphyton biomass; by contrast, in shaded streams with periphyton scarce everywhere, substratum disturbance may affect the density but not necessarily the presence of most taxa (Death 2003) . Stochastic effects arise because species richness per unit sample is related to the number of individuals collected (Gotelli and Graves 1996) . To some extent, samples from flood-disturbed locations tend to have fewer species than do samples from more stable locations simply because they hold fewer individuals; in addition, continual removal of individuals by floods could lead to local extinctions of the rarest taxa (Death and Winterbourn 1994, 1995) . Contrary to the selection of species traits and the indirect effect resulting from the removal of food resources, these latter effects of floods on richness are stochastic, in that the risk of a species not being sampled or becoming locally extinct is unrelated to its ability to resist floods or recolonize disturbed areas.
Are there any positive effects of disturbance on invertebrate diversity? Experiments and most observational, multiplesite studies do not support the hypothesis that the diversity of stream invertebrates is maximized at intermediate disturbance levels, as predicted by competition-based community models. The few multiple-site studies in which peaks of richness have been observed at intermediate levels of disturbance Stanford 1983, Townsend et al. 1997b ) provide only inconclusive support for the intermediate disturbance hypothesis, as such patterns could arise through mechanisms only secondarily related to the disturbance (e.g., changes in productivity; see Lake 2000) or through confounding envi-ronmental factors. Thus, rigorous support for the intermediate disturbance hypothesis requires observations of the predicted patterns coupled with evidence of the underlying mechanisms (Townsend et al. 1997b) .
The applicability of patch dynamic models to stream communities is slightly better supported by the empirical literature-studies in Germany and New Zealand show that at least some of the premises underpinning these models are satisfied. For instance, there is evidence that floods can affect patches differently-with some being disturbed by scour, others by fill, and others remaining relatively stable-and that the disturbance history of the patches can affect the distribution of invertebrates up to several weeks after the floods (Effenberger et al. 2006) . Given that stream invertebrates have been considered to be in a state of "continuous redistribution" (Townsend and Hildrew 1976) , the persistence of such effects is remarkable. It remains unclear, however, to what extent and through which mechanisms the patchiness in invertebrate distribution caused by disturbance history contributes to the overall metapatch diversity. In the study by Effenberger and colleagues (2006) , most taxa preferred stable patches and none was consistently associated with disturbed patches, suggesting that the patch dynamics observed could have had only a limited effect on the diversity of the whole stream.
The necessity of considering scale and context
Overall, the empirical literature reviewed indicates that the diversity of stream-living invertebrates tends to be negatively affected by floods, supporting community models that emphasize the excluding role of disturbance. The lack of empirical support for models that predict an including role is perhaps unsurprising, given that some of the underlying assumptions have often been considered unrealistic for stream invertebrates. In running waters, traits of mobility and colonization ability at one developmental stage or another are probably necessary for persistence, in which case they could not be traded for traits of competitive ability, as assumed by competition-based models of community structure. Indeed, among benthic organisms, the most compelling examples of competitive displacements are sedentary (sessile) taxa that compete for space (e.g., Sousa 1979), whereas biotic interactions do not seem to pervasively affect the species richness of the mobile taxa, which are the majority in streams (Vinson and Hawkins 1998) . By the same token, in running waters the competition-based models of community structure apply better to vegetation than to animals; algae, moss, and macrophyte richness often show unimodal patterns along disturbance gradients that are consistent with the intermediate disturbance hypothesis (Muotka and Virtanen 1995 , Willby et al. 2001 , Cardinale et al. 2006 . In summary, the response of assemblages to disturbance is influenced not only by extrinsic characteristics of the disturbance event, such as scale and environmental context, but also by the intrinsic biological traits of the organisms of interest.
So far, the opinion that disturbance by floods can benefit biodiversity seems best supported by circumstantial evidence. Streams are mosaics of different reach and channelunit types, and each of these different habitats has distinctive assemblages of invertebrate, algae, and macrophytes (Rabeni et al. 2002) . For example, burrowing invertebrates have distributions confined to depositional channel units with fine sediments, and clingers are usually more abundant in riffles and runs. Given that habitat heterogeneity in streams and rivers is maintained by geomorphic processes that operate mainly when flows are high (Leopold et al. 1964) , the biodiversity attributable to habitat heterogeneity must also be considered a result of floods. Thus, the positive effects of floods on biodiversity seem to be mediated by their function as architects or landscapers of stream habitats; any function as mediator of biotic interactions, as envisaged by models of community structure, remains uncertain. The positive effects of floods on biodiversity resulting from geomorphic work are apparent at large spatial scales (from the reach scale upward) and probably are constant over ecological times (up to several years). Therefore, they are not in conflict with the negative effects revealed by the empirical studies reviewed in this article, because they emerge at different spatiotemporal scales.
The current lack of empirical evidence does not mean that the theoretical models assuming disturbance to be a factor that promotes species diversity are inapplicable to stream-living invertebrates. In this review, we have emphasized that the physical effects of floods vary greatly depending on scale and environmental context; undoubtedly, the same is true for the response of the biological assemblages. Consider the spatial extent of the effects of floods in streams. One recurrent question is, Does substratum movement affect individual substratum particles, patches, or entire reaches? We suggest that in channels with beds of sorted sand and gravel, floods can scour entire streambeds, whereas in heterogeneous reaches, floods of similar intensity might overturn only a few individual stones. Correspondingly, losses of invertebrates during floods would vary from wide ranging in the first case to patchy in the second. Another example concerns the frequency of bed-scouring events. In reaches that combine frequent floods with high geomorphic susceptibility (e.g., gravelbed reaches in rainy regions), extensive bed scouring may occur monthly, whereas in structurally stable channels (e.g., headwaters), the typical recurrence interval of such events is on the order of a decade. Invertebrate assemblages, which usually recover from floods within months, must be perpetually recovering from the last disturbance in the first case, but could reach equilibrium conditions in the second.
These examples are important because they illustrate that the assumptions underpinning some theoretical community models (patchiness in the effects of disturbance for patch dynamics, sufficient stability in space or time to allow biotic interactions to become important for the intermediate disturbance hypothesis) are met only at specific scales and under specific environmental contexts. In theory, different scenarios concerning the effects of disturbance on biodiversity (whether including or excluding) are not necessarily alternatives, but may instead be the ends of a continuum spanning a space defined by the scale and context of the disturbance regime (figure 4).
Several questions arise: Can we formulate meaningful theory about disturbance and community ecology without explicitly considering scale and context? Is the specification of scale and context inherently in conflict with the aspiration of theory to be universal? And, for the empirical tests of theory conducted so far, were the issues of scale and context adequately considered? In other words, were the tests conducted in pertinent settings? Our opinion is that without specific reference to scale and context, theory will continue to generate confusion about its predictions and debate about its assumptions.
Concerning flood disturbance, our review suggests that the response of invertebrate assemblages is modulated by at least three contextual factors: (1) the predictability of the flood, (2) the severity of the flood, and (3) the availability of food resources (figures 4, 5). In the past, the severity of floods has often been identified with hydrologic dimensions such as frequency or magnitude (Resh et al. 1988, Poff and Ward 1989) . However, these hydrologic dimensions mainly define the exposure to high-discharge events; for benthic organisms, the response of the channel-which depends on the interaction between hydrologic exposure and geomorphic susceptibility-must also be important. In general, we propose that any description of disturbance should be multidimensional and include indexes of both exposure and susceptibility, as well as independent covariates that are important to the target organisms, such as productivity.
Together with an explicit consideration of the spatial and temporal scales of the effects of disturbance, these dimensions could provide the basis for a framework that could help refine community theory and ensure that empirical tests are carried out under the appropriate settings. Human impacts, including urbanization, agriculture, forestry, and alteration of precipitation patterns driven by climate change, have modified the natural regime of streams and rivers, often exacerbating the physical effects of floods. At the same time, impacts such as water diversion and river regulation can reduce discharge variability and flood frequency in running waters and undermine the geomorphic processes that maintain habitat diversity at the landscape scale. Streamliving organisms must be resilient and resistant to persist in naturally disturbed environments, and an array of adaptive traits has evolved in response to natural flood regimes dented stresses to which no adaptations could have evolved. Therefore, the maintenance of biodiversity in streams and rivers depends on the ability of the scientific community to understand not only how different disturbance regimes affect biological assemblages but also how some of these effects may be offset or mitigated. In this context, an improved framework for the effects of flood disturbance in streams would be important both for its theoretical interest and for management purposes.
